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ABSTRACT
We present the catalog of high Galactic-latitude (jbj > 10) X-ray sources detected in the first 37-month
data of Monitor of All-sky X-ray Image (MAXI) / Gas Slit Camera (GSC). To achieve the best sensitivity,
we develop a background model of the GSC that well reproduces the data based on the detailed on-board
calibration. Source detection is performed through image fit with the Poisson likelihood algorithm. The catalog
contains 500 objects detected in the 4–10 keV band with significance of sD;4−10keV  7. The limiting sensitivity
is  7:5 10−12 ergs cm−2 s−1 ( 0:6 mCrab) in the 4–10 keV band for 50% of the survey area, which is the
highest ever achieved as an all-sky survey mission covering this energy band. We summarize the statistical
properties of the catalog and results from cross matching with the Swift/BAT 70-month catalog, the meta-
catalog of X-ray detected clusters of galaxies, and the MAXI/GSC 7-month catalog. Our catalog lists the
source name (2MAXI), position and its error, detection significances and fluxes in the 4–10 keV and 3–4 keV
bands, their hardness ratio, and basic information of the likely counterpart available for 296 sources.
Subject headings: catalogs — surveys — galaxies: active — X-rays: galaxies
1. INTRODUCTION
Monitor of All-sky X-ray Image (MAXI: Matsuoka et al.
2009) is the first astronomical mission performed on the Inter-
national Space Station (ISS). The main instrument of MAXI
is the Gas Slit Camera (GSC: Mihara et al. 2011; Sugizaki et
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al. 2011), which covers the 2–30 keV band. Since its first light
on 2009 August 15, MAXI/GSC has been monitoring nearly
the entire sky every 92 minute with two instantaneous field-
of-views of 1:5  160 that rotate according to the orbital
motion of the ISS. The survey with MAXI/GSC is expected
to achieve the best sensitivity so far as an all-sky monitor in
the 2–10 keV band, which is complementary to other all-sky
surveys conducted below 2 keV (ROSAT: Voges et al. 1999,
2000) and above 10 keV (INTEGRAL: Bird et al. 2007; Beck-
mann et al. 2006, 2009; Krivonos et al. 2007; Bird et al. 2010,
Swift: Tueller et al. 2008, 2010; Cusumano et al. 2010; Baum-
gartner et al. 2010, 2012). This bandpass is the most suitable
to survey X-ray populations with intrinsically soft X-ray spec-
tra with little bias for obscuration.
Utilizing the first 7-month data of MAXI/GSC in the 4–10
keV band, Hiroi et al. (2011) produced the first X-ray source
catalog in the high Galactic latitude sky (jbj > 10). It con-
sists of 143 objects above the 7 significance level with a lim-
iting sensitivity of  1:510−11 ergs cm−2 s−1 (1.2 mCrab) in
the 4–10 keV band. Though limited in sample size, the first
MAXI/GSC catalog has an advantage that the identification
completeness is very high (> 99%). Utilizing the AGN sam-
ple of this catalog, Ueda et al. (2011) calculate a new AGN X-
ray luminosity function in the local universe and solve the dis-
crepancy of the AGN space density previously reported from
different missions.
In this paper, we present the second MAXI/GSC source cat-
alog at jbj > 10, constructed from the data in the 4–10 keV
band observed for 37 months between 2009 September and
2012 October. The significantly increased photon statistics
enables us to achieve much better sensitivities than those of
the 7-month catalog. We also analyze the data in the 3–4 keV
band to derive the hardness ratio of the detected sources. Sec-
tion 2 describes the data reduction and filtering. In section 3,
we report the analysis procedures to detect source candidates
and determine their fluxes and positions. Section 4 presents
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the source catalog, its basic properties, the results from cross-
matching with other X-ray source catalogs, and the log N-log
S relation. We summarize our conclusion in section 5.
2. DATA REDUCTION
The second MAXI/GSC catalog is based on the 37-month
data obtained from 2009 September 23 to 2012 October 15.
The data reduction procedure is essentially the same as used
to produce the MAXI/GSC 7-month catalog in Hiroi et al.
(2011). We start from processed event files provided by the
MAXI team, which have columns of the photon arrival time
(TIME), energy (Pulse-height Invariant = PI), and sky posi-
tion (R.A. and Decl.). In the processing, two pulse-height val-
ues read out from both ends of a carbon-anode wire were con-
verted into the PI and an one-dimensional detector position
along the anode wire on the basis of the ground and in-flight
calibration (Mihara et al. 2011; Sugizaki et al. 2011). The sky
position of the incident X-ray photon is then calculated by re-
ferring to the ISS attitude at the photon arrival time. For the
data reduction, we use HEAsoft (version 6.12) and MXSOFT,
an original MAXI software package developed by the MAXI
team.
To detect sources, the data in the 4–10 keV band are utilized
for consistency with our previous work (Hiroi et al. 2011),
where high signal-to-noise ratio is achievable due to the high
quantum efficiency and low background rate of the detector
(Mihara et al. 2011). We basically use all available data of all
twelve GSC counters operated with high voltage levels of both
1650 V and 1550 V, except for those taken with GSC_3 after
2010 June 22, in which the background-veto counters were
not available. Unlike Hiroi et al. (2011), the photon events of
anode #1 and #2 are also available in this study, thanks to the
improvement of the instrument response calibration. We dis-
card the data acquired in unusual conditions where the back-
ground reproducibility of the GSC is found to be poor: (1) the
initial operation phase from 2009 September 1 to 22, (2) the
phase from 2012 October 16 to 31 when the Dragon space-
craft was attached to the ISS, (3) those during the docking or
undocking operation of the Soyuz spacecraft, (4) those soon
after the reboot of the electrical system of MAXI, (5) those
during large solar flares16, and (6) those when the telemetry
data were missed due to the network trouble between the ISS
and the ground base station.
The following data selection criteria are applied in event se-
lection. To exclude data of the GSC with high particle back-
ground, we select the events when the latitude of the ISS is
between −40 and 40 and those detected in an inner region
of each camera with the incident angle jj  38 (for defini-
tion of , see Mihara et al. 2011). In our new analysis for the
37-month catalog, we also properly take into account the ef-
fects of the occultation of the GSC field-of-views by the space
shuttle and the solar paddles of the ISS in a time dependent
manner; the occulted regions in the detector coordinate de-
fined by  at a given time, if any, are excluded with a margin
of 5 on the basis of monitoring information of the relative
geometry between MAXI and the ISS.
The left panel of figure 1 displays the effective exposure
map for the 37-month MAXI/GSC data in the Galactic co-
ordinates projected with the Hammer-Aitoff algorithm. The
effective-exposure distribution is shown in the right panel.
16 From the light curves with 16-sec bin size in the 4–10 keV band, we
filter out time regions when the count rates exceeded 25, 35, 40, and 30 cnts/s
for GSC_3, GSC_8, GSC_B, and the other cameras, respectively, with mar-
gins of 32 sec each before and after these periods.
The map is produced by the latest version of the MAXI sim-
ulator maxisim (Eguchi et al. 2009) for uniformly extended
emission, where the  dependence of the slit area, the colli-
mator field-of-view, and the detector efficiency as a function
of an incident X-ray energy (see Mihara et al. 2011; Sugizaki
et al. 2011) are correctly taken into account. Referring to the
orbit and attitude of the ISS, maxisim is able to generate sim-
ulated photon events from any input X-ray sources by reflect-
ing the latest responses of the GSC. The stripe patterns found
in the map are caused by an incident-angle dependence of the
effective area of the GSC aimed at each pointing direction, the
different duty cycle among the twelve GSC counters, and the
precession of scanning motion of the field-of-views coupled
with that of the ISS orbit. The two darkest, annular-like struc-
tures at the top-left and bottom-right of the map correspond
to the regions with the longest exposure near the poles around
the rotation axis of the ISS orbit.
3. ANALYSIS
3.1. Background Reproduction
For source detection, we perform image analysis of the pro-
jected sky image from the whole MAXI/GSC data, as detailed
in section 3.2. Basically, we search for excess signals over
the profile of the background, which consists of the non-X-ray
background (NXB) and the cosmic X-ray background (CXB).
Thus, to achieve the best sensitivity, it is critical to model
the background image with the least systematic errors that
enables us to detect even the faintest sources as statistically
significant signals. The NXB of the GSC shows complex be-
haviors (Sugizaki et al. 2011). The rate of the NXB is highly
variable, depending on the environment such as conditions of
other spacecrafts attached to the ISS, the orbital position and
attitude of the ISS.
We thus construct a background model of MAXI/GSC
based on the detailed calibration of the on-board data as de-
scribed below. Here we do not distinguish the NXB from the
CXB, only treating their sum, since it is not easy to separate
the two components from the observed data. This is mainly
due to the fact that the MAXI/GSC field-of-views always look
at the sky and seldom look at the earth. For this purpose, we
analyze the on-board data that can be regarded as blank sky,
by excluding regions around the 70 brightest sources at high
Galactic latitudes listed in the 7-month MAXI/GSC catalog 17
(Hiroi et al. 2011) and that of the Galactic-center region with
jlj< 50 and jbj< 10. The same screening described in sec-
tion 2 is adopted for event extraction. To avoid complexity in
exposure correction, we discard any data taken when a part
of the field-of-view was occulted by the space shuttle and the
solar paddles of the ISS in each camera.
We first investigate the long-term variability of the back-
ground rate. The top panel of figure 2 displays a one-day
averaged background rate as a function of time, derived from
the data in the 4–10 keV band taken with the GSC_4 counter.
It is clearly seen that the MAXI/GSC background rate has
two separate levels of 3–4 cnts/s and 2–2.5 cnts/s in this cam-
era. We find that this long-term variability of the background
is strongly correlated with whether the Soyuz spacecraft was
docked or undocked to the ISS. Since Soyuz has an altimeter
containing a radioactive source, the MAXI/GSC background
rate is largely increased when it is attached to the nearest ISS
17 We confirm that when our new 37-month catalog is used to exclude even
fainter sources in this process, the resultant background profile in the detector
coordinate is little (< 1%) changed.
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FIG. 1.— (Left) Effective exposure map for the 37-month MAXI/GSC data in the Galactic coordinates projected with the Hammer-Aitoff algorithm. The units
are cm2 s. The entire sky is divided into 12288 pixels with a size of 1:831:83. (Right) Histogram of the effective exposure presented in the left panel.
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FIG. 2.— (Top) History of the background rate in the 4–10 keV band ob-
served with GSC_4 in a one-day bin (real data). The attached error is 1.
The dot-dashed lines indicate the boundaries of the phases. The dock/undock
status of the Soyuz spacecraft causes the drastic change of the daily back-
ground rate. (Middle) Same as the top panel but produced from simulations.
(Bottom) The ratio of the real background rate to the simulated one. The
simulated background data are well consistent with the real ones with an rms
scatter of 1%.
port to MAXI, and vice versa. Furthermore, it is found that
an increment of the background rate depends on the individ-
ual Soyuz spacecraft docked at that time. The difference of
high-voltage level between 1650 V and 1550 V also affects
the background rate. Thus, we divide the 37-month period
into 9 different phases according to the existence of Soyuz
and the high-voltage level of the GSC, and create the back-
ground model separately in each phase.
Next, the short-term variability of the NXB on a time scale
less than one day is examined. In the previous study (Hi-
roi et al. 2011), we considered the dependence of the back-
ground rate on the cut-off rigidity (COR) parameter, which is
determined solely by the orbital position of the ISS. The cor-
relation of the NXB with COR is known to be not so good,
however. Alternatively, we have found that the instantaneous
background rate is well estimated from the so-called “VC”
count, representing the rate of events simultaneously detected
by the carbon-anode cells and the tungsten-anode cells for
particle veto, available as a monitor count in the house keep-
ing data of the GSC (Mihara et al. 2011; Sugizaki et al. 2011).
The reason why the VC works as a good monitor of the NXB
is that high energy particles hitting the GSC counter should
be detected by both the inner (carbon) and outer (veto) cells,
unlike X-ray events. Figure 3 plots examples of the correla-
tion between the VC and background rates in the 4–10 keV
band for GSC_4 in two different phases. The blue circles and
 1
 2
 3
 4
 5
 6
 100  200  300  400  500
B
G
D
 r
at
e 
(c
n
ts
/s
)
VC count (cnts/s)
Soyuz undock
Soyuz dock
FIG. 3.— Correlation between the 4–10 keV background rate and the VC
count rate for GSC_4. The red squares (for visuality, slightly shifted) and
solid curve represent the data points and the best-fit model of a third-order
polynomial, respectively, when Soyuz was undocked, while the blue circles
and dotted curve show them when it was docked from 2009 December 22 to
2010 May 11 (MJD = 55187–55327).
red squares correspond to the data obtained when Soyuz was
docked to the ISS port and undocked, respectively. The error
bars represent 1 standard deviation in the background rate
including the statistical fluctuation. A tight correlation is con-
firmed in each phase. The blue-dotted and red-solid lines rep-
resent the best-fit models of a third-order polynomial to these
correlations.
We develop a background-event generator of the GSC,
which makes use of the framework of the MAXI simulator
maxisim. By using the correlation between the VC and back-
ground rates determined for each camera and phase, it gen-
erates simulated background events in time series with the
instantaneous rate calculated from the light curve of the VC
counts. Their energies and positions on the detector are ran-
domly assigned according to their distributions derived from
the real background data, which also depend on the VC count.
We produce ten times more events than the real data to reduce
the statistical error in the model. The simulated background
data are then processed in the same way as for the observed
data. The middle panel of figure 2 plots the same as that
shown in the top panel of figure 2 but based on the simulated
background data. We confirm that the background light curve
is well reproduced by our model with an rms scatter of 1%,
as shown in the bottom panel of figure 2.
3.2. Image Analysis
In this section, we describe the details of our image analy-
sis method to produce the X-ray catalog from the MAXI/GSC
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data. The procedure consists of two major stages: a detec-
tion of source candidates from smoothed images, and a mea-
surement of fluxes and positions for the source candidates by
maximum-likelihood image fitting. For the image analysis,
we use display45 version 2.04, which is a command-driven,
interactive histogram-browsing program based on CERN li-
braries.
(1) MAKING PARTED IMAGES
Both for the real and simulated background data, we cre-
ate images from the event lists after applying the selection
criteria described in section 2. Like a standard image analy-
sis, we produce a tangentially-projected image within a small
region in the sky coordinates (X , Y ) defined by three param-
eters: the reference point in right ascension (R.A.) and decli-
nation (Decl.) corresponding to the center of the image and
the position angle of the +Y -axis to the north, which is set to
be zero in our analysis. The images are simply stored in units
of counts without exposure correction.
The entire sky is divided into 768 square regions with a
size of 7:3  7:3, whose centers are determined by using
the HEALPix software package (Górski et al. 2005) so that
each region has the same solid angle. Using the central posi-
tion of each region as the sky-reference point, we then make
768 tangentially-projected images with a size of 1414 by
referring to the columns of sky position (R.A., Decl.) in the
event lists. In order not to miss any sources located near the
boundaries, the images have overlapping area of > 3 on both
sides with neighboring ones. The bin size is set to 0.1, which
is sufficiently finer than the typical size of the point spread
function (PSF) of MAXI/GSC (FWHM 1:5).
(2) SEARCHING FOR SOURCE CANDIDATES
To pick up source candidates from each image, we create a
significance map in the following manner. Firstly, we make
net-source maps by subtracting the simulated background
from the real data. Then, both the real data and net-source
map are smoothed with a circle of r = 1 with a constant
weight of unity (i.e., simple integration). We finally calculate
the significance of excess signals as “net-source/
p
real data”
at each point, yielding the significance map.
In this step, a correct estimate of the background level is es-
sential. Although the reproductivity of the background model
described in section 3.1 is fairly good for blank sky, we find
that it is sometimes better to re-normalize the absolute level
of the background map from the observed data themselves,
in particular when additional diffuse background other than
the CXB such as Galactic diffuse emission exists in the im-
age. Thus, the background level used to make a final source-
candidate list is determined by iteration in the following way.
At first, assuming a conservative background level higher than
the nominal value by a factor of 1.1, we create a tentative
significance map. We then search for the peak showing the
highest significance in the map if it is larger than 15. Next,
after masking out the circular region around the peak of the
bright source with a radius of r = 3, the whole size of the
PSF, we compare the averaged counts in the real and the sim-
ulated background maps, whose ratio determines an improved
background level. By repeating these procedures of finding
and masking out brightest sources until the significance of a
newly detected peak becomes < 15, we finally derive the
most reasonable background level in each image. The correc-
tion from the nominal level is typically less than 3%, and thus
possible systematic errors in the positional dependence of the
background do not affect the flux measurements of sources.
Once the background level is determined, we make the most
reliable significance map, from which peaks above 5 are
picked up as source candidates. Those located near the bound-
aries of the image (jX j > 5:5 or jY j > 5:5) are discarded
because they are located closer to the center of a neighboring
image that can detect them with better conditions. The issue
of source confusion that two nearby sources may be detected
as a single source candidate will be overcome in a later pro-
cedure (the 6th step).
(3) MERGING SOURCE-CANDIDATE LIST
Merging the source-candidate lists obtained from the whole
sky yields 1308 sources in total above 5 at jbj > 10. This
list includes duplicate sources detected in multiple images,
however, which are located at the overlapping regions near
the boundaries. We treat any pair of sources whose positions
are within 1 as a single object; we adopt a source detected at
a closer position to the image center and discard the other. It
is confirmed that the detection significances of the paired can-
didates are consistent with each other within expected levels.
Thus, we finally obtain a unique source-candidate list consist-
ing of 615 objects above 5 at jbj> 10.
(4) CONSTRUCTING MODELS OF POINT SPREAD
FUNCTION
For image analysis, we need to construct a model of the PSF
for each source candidate. Since the MAXI/GSC data used
in this study compose of multiple observations with different
conditions, it is difficult to model the PSF shape analytically.
Hence, we utilize the MAXI simulator maxisim (Eguchi et
al. 2009) to produce the PSF model by inputting a point-like
source at the detected position. The simulation is performed
with exactly the same observational conditions (such as the
total exposure) as for the real data, and hence the resultant
PSF contains the expected number of counts from that source
with a given flux by fully taking into account the instrumental
responses. The Crab Nebula-like spectrum18, a power law of a
photon index of 2.1 absorbed with a hydrogen column density
of NH = 2:6 1021 cm−2, and no flux variability are assumed
for simplicity. We confirm that the choice of the spectrum for
the PSF model does not affect the determination of the flux by
the image fitting because the energy dependence of the PSF is
not very large in the energy band of interest. To suppress the
statistical fluctuation in the PSF model, we generate a suffi-
ciently large number of photons for each source candidate by
assuming a flux of 50 mCrab. The simulated events of the
PSF data are processed in the same way as for the real data,
and are converted into images in the sky coordinates.
(5) DETERMINING FLUXES AND POSITIONS WITH
IMAGE FIT
To determine the fluxes and positions of the source candi-
dates, we perform image fitting to the real data with a model
consisting of the background and PSF models, both produced
by the simulations as described above. Here the fits to all
of the source candidates and the background are performed
simultaneously in each image. The best-fit parameters are
determined with the Poisson likelihood algorithm where the
18 The spectral parameters are adopted from the INTEGRAL General Ref-
erence Catalog (ver. 35). http://www.isdc.unige.ch/integral/science/catalogue
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FIG. 4.— (Left) Example of a smoothed image of the real data. The image size is 14 14, whose center is located at (R.A., Decl.) = (253.125, 41.810).
The best-fit background model obtained from image fitting is subtracted. The four cyan crosses represent the locations of detected sources with sD;4−10keV  7.
(Right) Significance map of the same region. The contours display the significance levels of 5 (black), 7 (red), 10 (green), 20 (blue), 40 (yellow), 70(magenta),
and 90(cyan), from outer to inner.
so-called C statistics (Cash 1979) is minimized, defined as
C  2
X
i; j
fM(i; j) − D(i; j) lnM(i; j)g; (1)
where D(i; j) and M(i; j) represent the data and model at the
image pixel (i; j), respectively. The parameter that gives a C
value larger by unity than that of the best-fit with the other
free parameters allowed to float corresponds to its 1 error.
The MINUIT package is utilized in the minimization. In the
fitting, we change the bin width of an image from 0.1 to 0.2
for the fit to converge faster, and only treat the inner 1111
region of the image for the calculation to ignore the influence
by sources located just outside the whole image with a size of
1414. For the PSF models of source candidates located in
the inner 1111 region of the image, their normalizations
and positions are set to be free, as well as the overall back-
ground level. The PSF normalization of each source gives its
flux corrected for exposure and the instrumental response in
units of “Crab” because we basically measure its total counts
relative to that would be observed from the Crab Nebula on
which the PSF simulation is based. Since it is difficult to accu-
rately determine the position of a source outside the 1111
region whose PSF is distributed beyond the image boundary,
we fix it at the location originally detected in the significance
map. It is found that in a few images containing very bright
sources such as Sco X-1 and Cyg X-2, the background level
cannot be properly determined due to the incomplete repro-
duction of the PSF shape. In such cases, we fix the back-
ground level to the value obtained in the second step.
After the fitting, we calculate the detection significance in
the 4–10 keV (sD;4−10keV) for each source candidate, defined
as
sD;4−10keV  (best-fit 4-10 keV flux)=(its 1 statistical error):
(2)
Here we use the MINOS negative error in the MINUIT pack-
age as the flux error, although the positive and negative er-
rors are consistent with each other in almost all cases because
the number of source counts is always sufficiently high that
symmetric errors are a reasonable approximation. We adopt
sD;4−10keV  7 for the criterion of source detection, consider-
ing the number of fake sources caused by the fluctuation of
background level (see section 4.2).
(6) ITERATION OF SOURCE SEARCH AND IMAGE FIT
Due to source confusion, multiple close sources can be de-
tected as a single object. To salvage such sources located in
a source crowded region as much as possible, we again per-
form the source search in the second step but by adopting the
best-fit total model consisting of PSFs and the background
obtained in the previous step as a new background. Here
we adopt a more conservative detection criterion of 5.5 than
in the first round to reduce the probability of fake detections
around the existing sources. This procedure gives us an addi-
tional source-candidate list containing 135 objects above 5:5
at jbj > 10. The first and second source-candidate lists are
merged into one list. We then repeat the image fitting using
the revised source-candidate list, and obtain the final list of
sources detected with sD;4−10keV  7 in the 4–10 keV band.
(7) MEASUREMENT OF 3–4 KEV FLUX
To obtain spectral information, we also determine the 3–4
keV fluxes of all sources in the final list created above. The
images of real data, background model, and PSF models in
the 3–4 keV band are produced in the same way as for those
in the 4–10 keV band. We then perform image fitting to the
3–4 keV band image using the source-candidate list obtained
in the 6th step. The source positions are fixed at those deter-
mined by the image fit in the 4–10 keV band. Thus, we finally
derive the 3–4 keV fluxes and their errors for all the sources
detected in the 4–10 keV band. Using the 4–10 keV and 3–4
keV fluxes, which are independently determined from the im-
ages of the two energy bands, we calculate the hardness ratio
(HR) defined as
HR =
H − S
H + S
; (3)
where H and S represent the observed fluxes in the 4–10 keV
and 3–4 keV bands, respectively. The error of the HR is cal-
culated by simple propagation of those in H and S, both can
be regarded as symmetric errors.
4. CATALOG
4.1. Basic Properties
In this section, we present the second MAXI/GSC X-ray
source catalog in the high Galactic latitude sky obtained from
the 37-month all-sky survey data in the 4–10 keV band.
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FIG. 5.— Projected images onto the X-axis (left) and Y -axis (right) of the same region as shown in figure 4. The black points represent the real data with 1
Poisson errors. The two color lines display the best-fit models (red-solid: total, blue-dashed: only background).
It consists of 500 sources detected with a significance of
sD;4−10keV  7 at jbj > 10. Table 1 gives the catalog with
columns of (1) source identification number, (2) MAXI source
name based on the best-fit position in the final image fit (with
a prefix of “2MAXI”), (3)-(4) best-fit position in the equa-
torial coordinates in units of degree, (5) stat: 1 statistical
position error in units of degree (the squared sum of those in
the X- and Y-directions). (6) sD;4−10keV: 4–10 keV detection
significance, (7) f4−10keV: observed 4–10 keV flux and its 1
error in units of 10−12 ergs cm−2 s−1, (8) sD;3−4keV: 3–4 keV
detection significance, (9) f3−4keV: observed 3–4 keV flux and
its 1 error in units of 10−12 ergs cm−2 s−1, (10) HR: hard-
ness ratio and its 1 error, (11) counterpart name, (12)-(13)
position of the counterpart (14) redshift, (15) type, (16) cross-
matching flag, and (17) note.
Taking into account the MAXI/GSC response, we calculate
the dependences of the hardness ratio HR on spectral parame-
ters and those of the conversion factors from an area-corrected
count rate (defined as that relative to the Crab one) into an en-
ergy flux in the same energy band, C4−10 and C3−4. In the
top-left panel of figure 6, the hardness ratio is plotted as a
function of photon index with an unabsorbed power-law spec-
trum, whereas in the top-right panel it is given as a function
of column density of an absorbed power-law spectrum with a
photon index of 1.8 at redshift of 0. In the middle and bottom
panels, we also display the dependences of the conversion fac-
tors on the same spectral parameters in the 4–10 keV and 3–4
keV bands, respectively. The expected values of HR and con-
version factors are HR=0.0745, C4−10 = 1.24 [10−11 ergs cm−2
s−1]/[mCrab], C3−4 =0.401 [10−11 ergs cm−2 s−1]/[mCrab] for
a photon index of 1.8 with no absorption, and HR=0.000,
C4−10 =1.21 [10−11 ergs cm−2 s−1]/[mCrab], C3−4 =0.398 [10−11
ergs cm−2 s−1]/[mCrab] for the Crab Nebula-like spectrum
(see section 3.2 for its spectral parameters). The energy fluxes
listed in the catalog are all calculated by assuming the Crab
Nebula-like spectrum.
The correlation between the flux and the detection signifi-
cance in the 4–10 keV band are plotted in figure 7. The de-
tection significance, sD, can be approximated as St=
p
St + Bt,
where S and B are the count rates of the source and back-
ground, respectively, and t is exposure. Thus, in the high flux
range (sD 
p
St), the detection significance is expected to
be proportional to (flux)1=2. In contrast, it is proportional to
(flux)1 in the low flux range (sD  S
p
t=B). These trends
are confirmed in the figure. The limiting sensitivity with
sD;4−10keV  7 (that of the faintest source detected) corre-
sponds to  5 10−12 ergs cm−2 s−1 ( 0:4 mCrab) in the
4–10 keV band.
4.2. Number of Spurious Sources
Since we conservatively adopt the detection threshold of
sD  7, fake detections by statistical fluctuation in photon
counts are expected to be negligible. However, the catalog
may contain a small fraction of spurious sources caused by
remaining systematic errors in the background model. To
simply estimate the number of such sources, we search for
“negative” signals from the smoothed net-source maps pro-
duced in the second step of section 3.2. This gives a “neg-
ative” source-candidate list consisting of 50 objects below -
7 from the entire sky. Performing image fitting by adding
negative PSFs to the model, we find that the number of fi-
nal “negative” detections with sD  −7 becomes only 18% of
that of spurious source candidates. The reduction is expected
because the shape of residual signals due to improper mod-
eling of the background profile is very different from that of
the PSF. Thus, we estimate that our catalog would include
 9 spurious detections, which are less than 2% of the total
sources. Note that if we instead adopt sD  6 as the detection
criterion for the catalog, we find that the fraction of spurious
ones becomes 5% of the total, which is too high to be ac-
cepted.
4.3. Cross Matching with Other X-ray Catalogs
Identification of X-ray sources with counterparts in other
wavelengths is very important for further scientific studies us-
ing an X-ray catalog. The most critical information for this
task is the position accuracy. Figure 8 plots the correlation
between the flux and position error of the MAXI sources.
As noticed, stat is roughly proportional to (sD;4−10keV)−1, as
expected from a simple statistical argument on the accu-
racy of the centroid determination of the PSF with limited
photon counts. A typical 1 error becomes stat  0:2 at
D;4−10keV = 7.
Considering the large positional uncertainties of MAXI,
it is difficult to directly match them with those in opti-
cal/infrared catalogs with large number densities. However,
since the MAXI sources represent brightest X-ray popula-
tions, a significant fraction of them are expected to be in-
cluded by other X-ray catalogs at similar flux levels covering
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FIG. 6.— (Top) Hardness ratio between the 4–10 keV and 3–4 keV bands (HR) given as a function of a spectral parameter. (Middle) The conversion factor
from a count rate (defined as that relative to the Crab one) to an energy flux in the 4–10 keV band for different spectral parameters in units of [10−11 ergs cm−2
s−1]/[mCrab]. (Bottom) The same as above but in the 3–4 keV band. (Left) The parameter is the photon index of a power law with no absorption. (Right) The
parameter is the absorption column density for a power law with a photon index of 1.8.
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FIG. 8.— Correlation between the 4–10 keV detection significance
(sD;4−10keV) and the 1 positional error (stat).
a wide sky area. Hence, as the first step of identification work,
we cross-match our sources with two major X-ray catalogs to
determine the most likely counterparts: the Swift/BAT hard
X-ray (14–195 keV) all-sky survey 70-month catalog (here-
after, BAT70; Baumgartner et al. 2012) and the Meta-Catalog
of X-Ray Detected Clusters of Galaxies (hereafter, MCXC;
Piffaretti et al. 2011). The latter is based on the ROSAT all-
sky survey and ROSAT serendipitous surveys performed in
the energy bands below2 keV. While BAT70 provides an X-
ray sample including heavily obscured objects, MCXC com-
plements the identification of galaxy clusters, which are hard
to be detected above 10 keV due to their soft spectra.
The cross-matching of the MAXI sources with these cata-
logs is carried out in the following way. We firstly search for
counterparts from the BAT70 catalog. Then, for those without
BAT counterparts, we use the MCXC. Finally, we also per-
form cross-matching with the first MAXI/GSC source cata-
log (hereafter, GSC7; Hiroi et al. 2011). Basically, we refer to
the positions of the optical/infrared counterparts in these cat-
alogs instead of the X-ray positions, except for a few sources
in the first MAXI/GSC catalog that do not have unique opti-
cal counterparts. As the position errors of the MAXI sources,
we consider both statistical error (stat) and systematic error
(sys) related to the instrument calibration and attitude deter-
mination of MAXI. Since the two errors are independent of
each other, we define the total 1 position error (posi) as the
root sum squares:
posi 
q
2stat +2sys: (4)
In the matching process, we set the 1 systematic error
as sys = 0:05 on the basis of the previous work (Hiroi
et al. 2011), and use an error circle with a radius of r =
2:5posi, which corresponds to 95% confidence level in the
2-dimensional space giving a typical increment in the C value
by 6.0. The position errors in the reference catalogs are ig-
nored, since they are much smaller than those of the MAXI
sources.
The cross-matching results are listed in columns (11)–(15)
of table 1 for each source. The locations of the MAXI sources
in the Galactic coordinates are plotted in figure 9. The num-
bers of matched MAXI sources in a single or two reference
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FIG. 9.— Locations of all the MAXI sources in the Galactic coordinates. The center is at (l,b) = (0, 0). The radii of the circles are proportional to the
logarithm of the fluxes. Different colors correspond to different types: unidentified X-ray sources in BAT70 (black); galaxies (cyan); galaxy clusters (green);
Seyfert galaxies, blazars (purple); CVs/Stars (magenta); X-ray binaries (red); confused sources (orange); sources without counterparts in BAT70 or MCXC
(gray).
TABLE 2
NUMBER OF MATCHED MAXI SOURCES.
Catalog name BAT70 MCXC GSC7 One catalog onlya
BAT70 185 (187)b 23 84 92
MCXC ..... 123 (130)b 37 78
GSC7 ..... ..... 114 (114)b 8
NOTE.— Numbers of MAXI sources matched with both catalogs are listed.
aNumbers of MAXI sources matched only with one catalog given in the first column.
bNumbers in parentheses represent those of total matched counterparts in each catalog.
TABLE 3
CATEGORIES OF CATALOGED SOURCES.
Category Number of sources
unidentified 5
galaxies 8
galaxy clusters 114
Seyfert galaxies 100
blazars 15
CVs/Stars 30
X-ray binaries 20
confused 4
unmatched 204
catalogs in any combination from the three reference catalogs
are summarized in table 2. We also show the total numbers of
counterparts in each reference catalog with parentheses; here
we count more than one objects in the same reference cata-
log if they are located within the error radius of the MAXI
source. In such cases, we adopt the one with the smallest an-
gular separation from the MAXI position as the most likely
counterpart used for the definition of source type. As a result,
we find that 296 out of the 500 sources in the present catalog
have one or more counterparts. The numbers of each source
type are as shown in table 3: 2 unidentified X-ray sources in
BAT70, 8 galaxies, 114 galaxy clusters, 100 Seyfert galaxies,
15 blazars, 30 CVs/Stars, 20 X-ray (neutron/black-hole) bina-
ries, 4 confused objects, and 204 sources without counterparts
in BAT70 or MCXC.
In the above procedure, some of the MAXI sources may
be matched to those in the BAT70 catalog and MCXC by
chance. Here we estimate the number of such coincidental
match, NCM, calculated as
NCM = BAT70SBAT70 +MCXCSMCXC; (5)
where BAT70(MCXC) and SBAT70(MCXC) represent the source
number densities of BAT70 (MCXC) at jbj> 10 and the to-
tal areas of the error circles of the MAXI sources used for
the cross-matching with those catalogs. Specifically, we use
the following values: BAT70 = 0:025 (deg−2), MCXC = 0:050
(deg−2), SBAT70 = 236:8 (deg2), and SMCXC = 173:9 (deg2). We
thus estimate NCM = 10:3, which is 3% of the total number
of the matched sources.
4.4. Position Accuracy
We here examine the actual positional error of MAXI as a
function of detection significance in the 4–10 keV band on the
basis of the cross matching result. We calculate the angular
separation between the MAXI position and that of the most
likely counterpart for each object. Figure 10 shows the his-
tograms of the angular separation for all the matched sources
in different significance bins (left: sD;4−10keV = 7 − 12, mid-
dle: D;4−10keV = 12 − 80, and right: sD;4−10keV > 80). Fig-
ure 11 plots 90% error radii as a function of 4–10 keV detec-
tion significance that are directly obtained from the observed
histograms. The black crosses represent those in the bins of
sD;4−10keV =7-9, 9-12, 12-25, 25-80, and > 80, from left to
right. We fit these data with the form of
90%posi =
q
(A=sD;4−10keV)B +C2; (6)
where A, B, and C are free parameters. The blue curve in
figure 11 represents the best-fit with A = 2.930.47, B =
1.800.22, and C=0.090.01. The slope B is close to 2.0
as expected from the theory. From this result, we estimate the
90% systematic error to be 0.09, which is consistent with
that derived in the previous study (Hiroi et al. 2011).
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FIG. 10.— Histograms of the angular separation between the positions of the MAXI sources and those of their most-likely counterparts in the reference
catalogs. The left, center, and right panel include the objects with the significance level of sD;4−10keV = 7–12, 12–80, and >80, respectively.
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FIG. 11.— 90% error radius of MAXI sources as a function of detection sig-
nificance in the 4–10 keV band. The black points denote the data and the blue
curve represents the best-fit model with the form of
q
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FIG. 12.— Flux in the 4–10 keV band versus HR plot for the cataloged
sources with different types: AGNs (blue squares), galaxy clusters (green
circles), Galactic/LMC/SMC objects (red triangles), and others (i.e., sources
without unique identification; gray diamonds). The typical errors of the HR at
f4−10keV of 10−10 and 10−11 ergs cm−2 s−1 are0.01 and0.09, respectively.
For visuality, two points with the largest fluxes of f4−10keV > 10−9 cm−2 s−1,
corresponding to Sco X-1 and Cyg X-2, are excluded from this figure.
4.5. Hardness Ratio Distribution
Figure 12 plots the diagram between the 4–10 keV flux and
hardness ratio (HR) for the cataloged sources with different
types. The blue squares and green circles represent AGNs
and galaxy clusters, respectively. The red triangles corre-
spond to Galactic objects and large/small Magellanic cloud
(LMC/SMC) objects. Sources without unique counterparts
based on the catalog matching described above (i.e., those
with no counterpart or multiple ones) are denoted as the gray
diamonds. Figure 13 displays the histograms of HR for each
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FIG. 13.— Histograms of HR shown in figure 12 for each type: from top
to bottom, AGNs, galaxy clusters, Galactic/LMC/SMC, and others.
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FIG. 14.— Area curve with detection significance of sD;4−10keV > 7 plotted
against 4–10 keV flux for the MAXI/GSC 37-month survey at jbj > 10.
type. The HR distribution of galaxy clusters is located at
lower values than that of AGNs. This is consistent with the ex-
pectation that galaxy clusters have softer spectra than AGNs
in the 3–10 keV range.
4.6. Log N-log S Relation
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FIG. 15.— Log N-log S relation in the 4–10 keV band derived from the
MAXI/GSC 37-month survey at jbj > 10. All the 500 sources are included
in the calculation. The gray-shaded area represents the 1 statistical error
region calculated from the source counts.
We derive the source number counts (log N-log S relation)
in the 4–10 keV band based on the MAXI/GSC 37-month cat-
alog. For this calculation, we need the so-called area curve,
which represents a survey area guaranteed for detection of a
source given as a function of flux. In the same way as in Hiroi
et al. (2011), we estimate the sensitivity at each sky position
on the basis of the background photon counts and “effective”
exposure (i.e., exposure  detector area). Figure 14 displays
the area curve in the 4–10 keV band for the detection signif-
icance of sD;4−10keV > 7. As noticed from the figure, the sen-
sitivity at the deepest exposure reaches to 0.4 mCrab (5
10−12 ergs cm−2 s−1 in the 4–10 keV band), which is consis-
tent with the faintest flux level of the cataloged sources.
Dividing the flux distribution of the detected sources by the
survey area, we obtain the log N-log S relation in the differ-
ential form. Figure 15 shows the log N-log S relation of all
the MAXI sources in the integral form, where the total num-
ber density N(> S) for sources with fluxes above S is plotted.
The results at fluxes above 1:510−11 ergs cm−2 s−1 perfectly
match with those of Hiroi et al. (2011) derived from the 7-
month data. In the faintest range below 7 10−12 ergs cm−2
s−1, however, the number density is slightly (by10%) larger
than that extrapolated from the brighter flux range. This is
most probably attributable to the effects by source confusion,
which is unavoidable at faintest fluxes close to a confusion
limit determined by the PSF size. The effects may have to
be taken into account in future studies using this catalog, de-
pending on the scientific goals.
5. CONCLUSION
We present the second MAXI/GSC source catalog in the
high Galactic-latitude sky based on the 37-month data in the
4–10 keV band observed from 2009 September to 2012 Oc-
tober. The accuracy of the background model is significantly
improved from our previous work (Hiroi et al. 2011) by con-
sidering the dependence of the background rate on the “VC”
monitor count sensitive to high energy particles. Through the
image fitting to tangentially-projected images with the Pois-
son likelihood algorithm, we finally detect 500 X-ray sources
at jbj> 10 with the detection significance sD;4−10keV  7. The
limiting sensitivity is  0:6 mCrab, or 7.510−12 ergs cm−2
s−1 (4–10 keV) for 50% of the survey area, which is the high-
est ever achieved among all-sky missions covering this energy
band. Performing cross-matching with other X-ray source
catalogs, we find that 296 sources have one or more than one
counterparts. The identification work of a complete sample
from this catalog is on-going, which will be reported in future
papers.
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